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Thermal expansion of single-crystalline Lg g:Srg 1 MnO4:  The importance
of temperature-induced strain for the electrical resistivity
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Thermal expansion, magnetization, and electrical-resistivity measurements of single crystalline
Lag gxShy 1MnO; are presented. A first-order structural transition occurs at 300 K, transforming the high-
temperature rhombohedral phase into an orthorhombic phase. The paramagnetic to ferromagnetic phase tran-
sition is second order and is clearly revealed as a change in slope of the linear-thermal exppdhsadiT
=265 K. The temperature derivative &f/| yields the thermal-expansion coefficientthermodynamic analy-
sis of a nearT, reveals isotropic-uniaxial pressure derivativesTef Strain arising from the structural and
magnetic transitions is shown to influence the electrical resisti\@§163-182609)01103-7

The electrical properties of nearly metallic manganesanens. Ibarraet al. measured linear-thermal expansia/I
perovskites such as the title compound, b1, ;MNO; are  using a strain-gauge technigtfewhich unveiled a large
closely intertwined with crystallographic distortions and anomaly in the thermal-expansion coefficiemtat T, and
magnetic behavior. Chemical substitutiogields a wide some other features that were attributed to polarons. Mea-
range of ferromagnetic-transition temperatures a(if) be-  surements under hydrostatic presstirehowed that the
havior, wherep is the electrical resistivity and is the tem- anomaly ina and the peak in the electrical resistivity Bt
perature. Further control of the physical properties is poswere rapidly reduced by pressure, thus indicating the impor-
sible through thin-film deposition techniquesyhich can tance of the unit-cell volume for the electrical properties.
capitalize on large strafif effects. An exceptionally large Measurements oAl/l and the influence of pressure on the
magnetoresistance occurs and is referred to as colossal maglectrical  resistivity of insulating and metallic
netoresistancéCMR). Although early theoretical consider- Lag 7dCa 2MnO;. specimen¥ further illustrate the impor-
ations clarified the electrical-transport properties within thetance of unit-cell volume in determining the electrical prop-
framework of the double-exchangBE) model, more recent erties, and ultimately the CMR effect. Another study indi-
research reveals the importance of the Jahn-Teller distortiosates the electron-phonon interaction’s significance for the
in the MnQ; octahedra, which is synonymous with the for- thermal expansioft
mation of lattice polarons through a strong electron-phonon The close physical connection between thermal expansion
interaction®> This physical picture has similarities to po- (9V/JT) and pressuréor strain is provided by the Ehrenfest
laronic models for Eu®.The unusual sensitivity to strain relation!* which will be discussed in detail below. Since
(including strain induced by hydrostatic pressuselikely a  pressure is known to strongly influencg., thermal-
result of the Jahn-Teller distortion’s sensitivity to strain. A expansion measurements provide an alternative method for
number of local-structural studies have observed the Jahriavestigating the unusually large effect of pressureTgrin
Teller distortion’ and a recent x-ray-absorption fine- manganese oxidés'?Herein the first linear-thermal ex-
structure investigation has provided a direct relation betweepansion measurements of a single-crystal CMR material are
MnOg distortions and the magnetic propertfeShe Jahn- presented; the ferromagnetic@Sr, ;MnO5 specimen was
Teller distortion is reduced abis lowered below the ferro- measured with high-resolution capacitive dilatometry. This
magnetic Curie temperatufie., reflecting a decrease in cou- composition is known to exhibit a rhombohedral to ortho-
pling between the electronic and vibrational st&t€Ehe  rhombic phase transition abow ,*> which is sensitive to
most compelling experimental observation regarding arthe magnetic field; it is also near the compositional
electron-phonon interaction and its importance for the magantiferromagnetic-ferromagnetic phase boundéry.

netic properties is the strong oxygen isotope effecflgrin A single crystal of LggsSry1MnO; was grown in air
La, _,CaMnOs,° whereby specimens with the heavier oxy- from sintered polycrystalline rods of the same stoichiometry.
gen isotope'®0 exhibit lowerT, values. The polycrystalline rods were prepared as described

A handful of experimental studies have reported results opreviously*? The tips of the feed and seed rods were melted
thermal-expansion measurements on polycrystalline specand joined in an optical image furnace. The rods were rotated
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FIG. 1. Magnetization vs temperature at 4000 Oe. In the inset, .

i : A : C axis
the region near 300 K is enlarged; the arrows indicate cooling and 3 r_
warming.

in opposite directions at 50 rpm and fed through the hot zone 2+ LaO 83Sr0 17MnO3
at 3—5 mm/h. A piece of the resulting crystal was examined I ’ ‘

by powder x-ray diffraction and found to be single phase; 1
electron-microscope analysis confirmed the stoichiometry.

Another piece with dimensions of 1.%8.36x1.19 mn?

was oriented using Laue diffraction. Ttee b, and c axes 0 e —
discussed below refer to the orthorhombic axes. The mag- 0 50 100 150 200 250 300

neti_c measurements were conducted With a commercially temperature (K)

available magnetometer. Thermal expansion measurements

utilized a capacitive dilatometer constructed entirely of high- FIG. 3. The linear thermal expansiaxi/l vs temperature for
purity quartz’ The small-thermal expansion of quartz re- the three orthorhombic axes. The structural phase transition from
sults in a minor correction for the cell's contribution to the rhombohedral to orthorhombic occurs at 300 K and is a first-order
observed-length change of the specimabout 2% of the transition. The paramagnetic to ferromagnetic transition occurs at
specimen-length changethis device can resolve a length 265 K and is second order as indicated by the continuous change in
change in a 1-mm-long specimen of 0.1 A. slope ofAl/l.

In Fig. 1 the magnetization in units @fz/Mn ion (where
up is the Bohr magnetonis plotted vsT at 4000 Oe. The
specimen becomes ferromagnetic bel®w= 265 K with a
saturation moment d¥1(5 K,4000 Oe} 3.8 ug/Mnion; T,

visible near 128 K. This region is clarified in Fig. 2, which
displaysM(T) data taken at 100 Oe where a clear decrease
in M is observed at 128 K. This is a second magnetic tran-
is determined from the low-field data in Fig. 2. Near rooms’m(.)n where the Mn magnetic moments cant ant|_ferrom_ag-
. ) . . netically. Increasing the magnetic field destroys this canting,
temperature, a small featurelih(T) is apparent. This region : ) .
thus only a weak feature is apparent in the data of Fig. 1,

is enlarged in the inset of Fig. 1 where measurements takerlhiCh were taken at 4000 Oe.

upon cooling gnd warming are displayed. These data indicate The linear-thermal expansiakl/| is illustrated in Fig. 3
that the transition is hysteretic; we note, however, that th? he th horhombi Il plots in Fi : |
magnetometer undershoots the set temperature in the co Er the three orthorhombic axes. A  plots in Fig. 3 employ
d L : 2%he same vertical scale. As the specimen is cooled below 300
own mode so the amount of hysteresis indicated in the fig; o . .
. L . . K, an expansion is observed in tlaeand b directions and
ure is not accurate. A small dip in thé(T) data of Fig. 1 is . N ; ;
contraction occurs along thedirection. The discontinuous
change inAl/l is indicative of a first-order transition, in
accordance with our observation of hysteresis. The general
. features of these results are in agreement with a crystallo-
graphic study by Asamitset al,'® although the temperature
of the structural transition is about 10 K higher for our crys-
tal, and the length changes in Fig. 3 correspond to slightly
different lattice-parameter changes. These discrepancies
probably result from slight compositional differences be-
tween the two specimens. The overall volume change asso-
ciated with the structural transition 8V/V=1.31x10"3
0 . ! . ) . compared with 2.6% 103 observed by Asamitsat al®
0 100 200 300 The data of Fig. 3 illustrate that a sharp change in the
temperature (K) slope ofAl/l occurs aff.. The slope change is well defined
and continuous, thereby characterizing the paramagnetic to
FIG. 2. Magnetization vs temperature at 100 Oe illustrating theferromagnetic phase transition as second order in nature. The
feature at 128 K due to spin canting. slope changes again at 128 K, corresponding to the tempera-
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In Eq. (1), ACp is the jump in the constant pressure specific
heat atT, and V,,, is the molar volume. Equatiofi) is
obtained by considering the continuity of the Gibb's free
energy in constant magnetic field &.'* In a system that
possesses anisotropy é Eqg. (1) can be rewritten as

30 ——————
b axis / a;= ACP ﬂ, 2
_; 20 <] VinolTe [ doj
5 10k (. whereA «; is the jump in the linear-thermal expansion coef-
= \ ficient in theith crystallographic directioni & a, b, orc) and
0 Loness \| dT./do; is the uniaxial-pressure derivative in that direction.
A Equation (2) has successfully been used to obtain the
30 uniaxial-pressure derivatives of the superconducting transi-
Tt tion temperature in a number of highly anisotropic copper
¢ axis ., 1718 . 9 . .
ol ] oxidet’**and organic su.perc_ond_uctdﬁsl. Consideration of
La .Sr, ,MnO, ] Eqg. (2) and the data in Fig. 4 indicates that the three uniaxial

pressure derivatives are identical for glggSry 1MnO;. To

our knowledge, this is the first paper to reveal the influence

of pressure o in the ABO; CMR oxides to be isotropic.
Equation(1) can be used to estimate the pressure deriva-

tive dT./dP if ACp is known. To our knowledge, no mea-

surements oA Cp exist in the literature for this exact com-

position. Volgef® reported a value ofACp=16.7 J/mol K

FIG. 4. Thermal-expansion coefficieatvs temperature for the for Lay,SryMnO; with T.=340 K. Measurements on a
three orthorhombic axes. Data are shown for temperatures belogpecimen of Lg.Ca MnO; revealed a value ofACp
the structural transition. =48.6 J/mol K?! Using the values oACp=16.7 J/mol K,

Vio=3.5710"°> m¥mol and the observed jump aif

ture where antiferromagnetic canting occurs; this slope=62x10 ¢ K™ we calculated T./dP= 35 K/GPa via Eq.
change is also continuous and indicative of a second-orddd). A value ofdT,/dP=11 K/GPa(Ref. 22 was reported
phase transition. Thus, the linear-thermal expansion data dér a specimen of Lgg,sSry17dMN05. Noting the strong
Fig. 3 reveal three distinct phase transitions in this specimercompositional dependence dff./dP (Refs. 4 and 2Rand

The thermal-expansion coefficient was determined by the fact thad T./dP>40 K/GPa has been observed in simi-
taking a point-to-point temperature derivative of the data inlar manganese oxidésye find this value to be reasonable,
Fig. 3, the spacing of which are 0.5 K. The resulting data arespecially given our uncertainty Cp . We emphasize that
plotted in Fig. 4 for the temperature rangelowthe struc- a jump in a nearT, is expected within the framework of
tural transition using the same vertical scale in all three panthermodynamics of second-order phase transitions and note
els of the figure. AfT. a jump ina occurs. Plotting the data that similar features are observed in elemental
nearT. on one plot for all three crystallographic ax@®t ferromagnet$® On a microscopic level, the Bethe curie,
shown illustrates that the jumps & are of equal magni- which relates the ferromagnetic-interaction energy to vol-
tude for the three axes. Thus, the transition into the ferroume, predicts a change in this energy as a result of a volume
magnetic state results in an isotropic change in the rate afxpansion or contraction. As a material passes through its
lattice contraction. At the antiferromagnetic transition nearCurie temperature, the change in slope\&f/V is the recip-
128 K the thermal expansion displays a peak for all threeocal effect.
crystallographic directions. The peak exhibited for ¢hdi- To put our measurements into perspective, let us consider
rection is slightly larger than for the and ¢ directions, in- the thermal expansion of a simple metal. The volume of
dicating a slight anisotropy; however, no anisotropy wascopper exhibits an expansiéhywhen warmed from 4 to 300
observed in the low-field magnetic-susceptibility measureK of about 9.6<10 2, nearly a factor of 2 larger than what
ments. Another small feature is observecnimear 35 K for ~ we observe for our specimen in the range § K<280 K.
all three crystallographic directions; this feature is, howeverThe bulk modulusBy=—-V(dP/dV) of copper is 137
an artifact of the background subtraction. GPa?® while By, of Lag g:St, ;1 MnO; (Ref. 26 is 182 GPa

The volume-thermal expansion coefficigfitis obtained for temperatures above the structural transition, and in the
by adding the linear-thermal expansion coefficients for theange 130-140 GPa for temperatures below the structural
three crystallographic axes. The jump in the volume-thermatransition. Although the temperature-dependent volume con-
expansion coefficienAB at T, is related to the pressure de- traction is weaker than that of a simple metal, and the bulk
pendence off . nearP=0, dT./dP, through the Ehrenfest modulus is comparabl@gear and below ), the influence of
relation for a second-order phase transition, which is giverpressure on the magnetic and electrical properties of the
by manganese oxides is radically lafd&'??2%in comparison to
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500 —— 0.006 electrical resistivity versus temperature is displayed in Fig. 5;
1 0.005 p is isotropic in this sample. At the structural transition a
400 . . . . .
; sharp increase ip occurs on cooling, corresponding to the
2 300 L 0004 volume expansiottand negative self-pressoréit the ferro-
é 0.003 2 magnetic transiti_on a drop ip occurs corresponding to the
E 200 | 1 0.002 volume contraction(and positive self-pressureThus, the
& | e results presented herein indicate that the self-pressure, or
100 0.001 strain, induced by the structural and magnetic transition in
0 — . ] this CMR material are large enough to influence the electri-
0 50 100 150 200 250 300 cal resistivity.
temperature (K) Structural investigations of specimens, which exhibit a

metal-insulator transition have revealéd’? the Jahn-
Teller distortion in the Mn@octahedral to be reduced as the
temperature is lowered beloW,. The MnQ, distortions can
be directly related to the electrical transport propeftigs>

a simple metal. Thus, temperature-dependent changes in ti&€ data of Figs. 3 and 5 illustrate a stronger contraction in
volume may provide sufficient strain to influence the electri-the specimen length aniV/V asT is lowered belowT..

cal properties of CMR materials as has been shown by conthis occurs because of the thermodynamic phase transition
sidering specimens near the ferromagnetic-insulatinginto the ferromagnetic state and provides the strain required
ferromagnetic-metallic phase boundafy. to reduce the Jahn-Teller distortion and electron-phonon cou-

A number of ABQ, ferromagneticCMR specimens ex- pling, which, in turn, increases the mobility of the electrons_
hibit insulating behavior well belowT,,” 2273 this js i th(_a.e9 levels. These obseryat|oqs suggest that the strain
counter to the DE picture, which requires electron mobility SENsitivity _of the Jahn'—TeIIer d|_stort|on through self—prgssure
to mediate the ferromagnetic excharfigelowever, if the IS responsible for the mcrea_lseprat the structural transition
volume-thermal expansion of these specimens is carefullind subsequent decreasepibelow T, .
considered, a strong decreaseAi/V below T, appears to In c_onclu5|on, we have presented r.esults of thermal-
be a signature of metallicity*22"3°Furthermore, a reduc- €xpansion — measurements on  single  crystalline
tion of volume through the application of pressure can in-L20.885.1MnOs. Our thermodynamic analysis of the
duce metallicity in the insulators:? Whether the strain in- Second-order paramagnetic to ferromagnetic phase transition
duced by the volume contraction beldiy is large enough to indicates that a Iarge-pres_sure der!vatlvé'9f§ expect_ed, in
influence the electrical resistivity can be examined by defin2greement with observations. This analysis also illustrates
ing a term called self-pressure. The self-pressure correspondsat the pressure effect di is isotropic. Furthermore, con-
to the pressurdat constant temperatyrewhich would be sideration of self-pressure effects suggests that the strain in-
required to realize a change in volume similarA¥/V ob- _duced as a result of structural and magnetic transifcions can
served in a given temperature interval. The concept of selfinfluence the temperature dependence of the electrical resis-
pressure has been previously applied to high-temperatuﬁé"t}’ through the Jahn-Teller distortion’s sensitivity to
superconductor$ and (INVAR) alloys3? the electrical resis-  Strain.
tivity of which are also rather sensitive to pressure, albeit
significantly less sensitive than that of CMR compounds.

The volume expansioAV/V is plotted in Fig. 5. As the
specimen is cooled through the structural transitiéi/V J.J.N. and K.A. thank NATO for providing a Collabora-
increases by 1.3110 3. Multiplication of this value by the tive Research Grant No. CRG 970260. J.J.N. is indebted to
bulk modulus of 182 GPa provides the negative self-pressurElorida Atlantic University for a Research Initiation Award
of magnitude 0.24 GPa. BeloW, the volume decreases by and the Walther Meissner Institut for financial support. The
2.59x 102 on cooling fromT, to 220 K; using the bulk authors thank Dr. Michael Kund for assistance with the
modulus of 137 GPa, a positive self-pressure of 0.35 GPa, ithermal-expansion measurements and G.rbich for
obtained. These are substantial pressures for CMR materiaddectron-microscopy investigations. Work at Los Alamos
and would be expected to strongly altet**???A plot of the ~ was conducted under the auspices of the U.S. DOE.

FIG. 5. Electrical resistivityp (left abscissa, symbalsand
volume-thermal expansiafaV/V (right abscissa, solid liness tem-
perature.
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